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Abstract

The distribution of neutrons with eneK9ieS below 15 MeV in spherical

stony meteoroids are calculated using the ANISN neutron-transport code+. Th~

source distributions and intensities of neutrons are calculated using cross

sections for the production of tritiUUI. The meteorojd’s radius and chemical

composition strongly influence the total neutron flux and the neutron energy

spectrum, while tne location within a meteoroid only affects the relative

neutron intensities. Meteoroids need to have radii of more than 50 g/cm2

before they have appreciable flUXeS of neutrons near thermal energies.

Meteoroids with high hYdr09eII or low iron contents can thermalize neutrons

60C0, 59Ni, and 36C1 arebetter than chondrites. Rates for the production of

calculated with evaluated neutron-capture cross sections and neutron fluxes

determined for carbonaceous chondrites with high hydrogen contents,

L-chondrites, and aubrites. For most.meteoroids with radii < 300 9/C#, the

production rates of these neutron-capture nucli6es increase monotonically

with depth. The highest CalCUIZited60Co production rate in an ordinary

Chonr.lriteis 375 atoms/(min 9-CO) at the center of a meteoroid with a

250 g/cm2 radius. The produc~ion KditeScalculated for spallogenic 60Co and

59Nj are greai.erthan the neUtrOIPCaptUre rates fOr radii less than

. 50-75 q/cm2. Only for very large meteoroids and chlorine-rich samples is

the neutron-capture production of 36C1 important. The results of these

calculations are compared with those of previous calculations and with

measured activities in many meteorites.



Introduction

Meteorites, before they fall to the earth, ●re expased to ●nergetic

cosmic-rayparticles that induce nuclear reactions. To unfolding the

cosmic-ray exposure history of ● meteorite, it irnbest to use ● variety of

coemogenic products such aa tracks and nuclides with different production

properties. Neutron-capture reactions,which vary considerablywith depth

●nd meteorite size (Eberhardt et al.j 1963)S ●re ● good candidate for

study. The neutron-captureproductionprofilee ●re very different from

those for tracks or from nuclidernmada by energetic cosmic-ray particles

via spallationreactiona. In large meteorites,neutron-captureresctions

are the main source of several cosmic-ray-producednuclides, such as 59Ni

and 60Co (Eberhardcet ●l., 1963). Recently, the co~ogenic radionuclide

60
Co, produced by the 59

Co(n,Y)
60
Co reaction,ha. been very useful in

unfolding the coemic-ray●xposure record of the large Jilin (Kirin)

chondrita (Ronda et al., 1982, Heuscmr and Ouyang, 1981).

Eberhardt et ●l. (1963) calculated the tiatesfor the neutron-capture

36 59 60reactions producing cl, Ni, and Co in meteorites using neutron

slowing-downtheory. Lingenfulter ●t ●l. [1972] used neutron-transport

theory to determine the fluxes of lowaner~y neutrons in the moon ●nd in

turn to calculate neutron-capture-inducedisotopes in the Moon. Recently

we hav~ used neutron-transporttheery to crnlculatethe lew-energyneutrons

flux ●s ● functionof depth in sphericalmeteoroids (Spergel ●t ●l., 1980a)

●nd reported preliminary results for the production rates of 5gNi and 60co

(Spergel ●t al., 1981, 1982). This paper describes the complet~ neutron

flux
36C1 59 60

results ●nd production rates for ! Ni, ●nd Co in mtony

meteoroids of various radii and compoaition~, Neutron-induced reactionu

ih iron meteorite- ●re ●lso considered, but no ●stimates ●re made ●bout
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the production rates because of uncertaintiesin the neutron source

functious. The relative neutron source strengths snd neutron produstion-

verrnus-depthprofiles were determinedusing calculated 3E production rates,

●nd th~ absolute source strengthswere normalized to thst determined for

the moon (Woolum ●t ●l., 1975). The energy spectrum of the source neu-

trons ●nd the neutron-transportcalculationsusing the ANIStJcomputer

code were similar to those used for the moon (Liagenfelteret al., 1972;

Kornblum ●t al., 1973). The production rates of these three radionuclides

88 ● functionof depth in varioum ophericalmeteoroids were determined

from the calculated equilibriumneutron-fluxdistributionsand from

energy-dependentneutron-capturecross section. Rates for producing these

radionuclidetby spallationreactions were ●lso calculated.

The TheoreticalModel

&utron Source

The equilibrium flux of cosmogonic neutrons in ● meteoxoid (the mete-

orite before it was ablated while entering the earth’s atmosphere) is de-

temined from the source distributionof neutrons produced by cosmic-ray

particles ●nd the subsequentneutron transpo=t. Neu&ron production rates

in meteoroids could bc calculatedusing both cross sections for neutron

production ●nd particle fluxes (Lingenfelter●nd Ramaty, 1967). However,

neutron-productioncross sactions ●re not ●vailable for many of the source

reactions that occur in meteorites. Because the

producimg nautrons ●re similar in shape to those

excitation functionsfor

for making tritium

(~erhardtet al., 1963; Lingcnfelterand Ramaty, 1967), weusedtritium

(3E) production ratec to determine the relative neutron production rates

in the moon ●nd meteorites.
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The excitation functiena for

galactic-coe=ic-ray(CCR) particle

●nd Arnold (1972). For meteoroids

the reactions Mking 3E ●nd the

fluxes in the moon were those of Reedy

with radii from 20 to 2000 g/cm2, the

GCR particle fluxes were determinedusing cpectral shapes ●nd integral

fluxes ●bove 1 Cd? calculated with the same equations ●nd parametersQS

those used for the moon (Reedy ●nd AraoAd, 1972). The spectral-shapepa-

rmmaters used ●s a function of depth in -teoroids were dete~ined by

interpolatingthese parameters for the primary GCR particles, for the St.

Severin chondrite (R = 70 g/cm2) (Reedy et ●l., 1979), for the Jilin

chondrit~ (R = 300 g/cm2, obtain~!dby fitting the measured
22

Na ●ctivities

(Eeusser.nd Ouyang, 1981)),andfor themoon (Reedy .nd Arnold, 1972).

These spectral-shapeparametersand the calculatedproductionr8&eSfor me-

teorites ●re discussed by Reedy (1985). The

fluxse of primary GCR particles to which meteoroids were axposed were

●ssumad to be 10% greater than those for the moon (Reedy ●t *1., 1979).

For both the moon ●nd meteoroids, the ratioe of measured/calculated3H

●ctivitieswere similar,about 1.4. The calculated 3H production profiles

for meteoroids of various radii were similar in trend to those of Trivedi

●nd Coel (1973), but ~re ‘#.5 of their ●bsolute value.. ‘Theneutron

productionprofiles monotonicallyincreasedwith depth for meteoroids

haviq R c 70 g/cm2, and meinly decreesed with depth for R > 300 g/cm2.

Caqmred to the 3H production profile of Trivodi ●nd Coel (1973], tha ones

calculatedhere increasedless repidlywith depth near the surface ●nd

decretimd slwer with increeaingdepth for larte radii.
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Depth dcvcndenceof neutron source

The productionprofiles G(R~r) used for source neutrone for a given

radiue, R, ●nd distance from the center, r, ●re shown in Figure 1. These

3
were obtained by fittina the R production profileswith

G(R,r) ~ (R-r+a]’exp(-(R-r)/L) (la)

near the eurface, where

peak neutron production

a “ 125 g/em2, the ●pproximate locationof the

is at r M R-(L-a), ●nd with the function

G(R,r) = exp(-R/L)”cosh(r\L) (lb)

at greater depths, L = 155 g/cm2 being the “e-folding”length for source

neutrons in the moon (Komblum et al., 1973). These representationsfor

the production profile were joined smoothly at ● intermediatedepth. The

2
e-folding length adopted here (L = 155 g/cm ) was determined from the ex-

37parimental depth-versus-activityprofiles for Ar in the moon [Kornblum

et al., 1973), and is slightly smaller than that (!65 g/cm2) used by

Lingenfelter et ●l. (J972). Such a small difference in L should not be im-

portant for mo8t applic8tion8 am moat metewitee had radii much less than

L. Similar values correspondingto L were used by Eberhardt et ●l. (1963)

for large meteorites, but varied with radius. For slab geometries

(semi-infiniteplanes), like the moon, ● pura exponentialwith L = 155

g/cm2 was used (Kornbhnn et al., 1973). The % productionrata calcula-

tions suggest thst, for a slab~ ● neutroa sourca conmtant to ●bout 30

g/cm2 followedby the ●xponentialmight be mor, realistic,but transport

calculations(Lingenfelteret ●l., 1972) showed that the ●quilibrium neu-

tron fluxes were not vsry stnsitive to such a small variation in the

source term.
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Absolute Neutron Source Intensity

The absolute intensityof the source neutrons in meteoroids also

3
were determined from the calculated H production rates. These production

rates for the moon and meteoroids were integratedover all depths to get

3
the total H production rate. For meteoroids, these total rates were

divided by the surface area (assuminga density of 3.5 g/cm3) to get the

rate per unit surface area. These 3H production rates per unit surface

area then were converted to absolute neutron source strengt’nsper unit

area by using the lunar neutron source strength of 12.8 neutrons/(cm2s)de-

terminedby the Lunar Neutron Probe Experiment [Woolum et al., 1975). A

very large meteoroid

neutronsl(cm2s),10%

Thez,eneutron source

in Figure 2. The 3H

were integratedover

n

waa assumed to have a source strength near 14.2

greater than that for the moon (Reedy et al., 1S79).

strengths for meteoroids of varioua radii are shown

production rates of Trivedi and Goel (1973) also

depth and divided by surface ●-ea. For R < 100

g/cmL, the shape of their integratedrates per area ●s a function of

meteoroid radiua wer? similar to that in Figure 2. However, when

normalized to our results for R < 100 g/cm2, their curve for R > 100 g/cm2

dropped below ours, ●nd was 0.46 of our result for ●n infinite radius.

These deviations●t larga radii, are dtm to large differences in the rate

at which the 3H production rates decreasedwith increasing depth. For

depths of more than 100 g/cm2, the e-folding lengths for 3H production

rattc calculated here ●nd by Trivadi ●nd Goal (1973) wera 148 and 74

g/cmZ, respectively. We believe that the shape in Figure 2 of the ●bso-

lute neutron oource strength Versuc meteoroid radiufiis determinedwell

and that the ●baolute values obtained by nonaali~ation to tho lunar source

strengtha are good.
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Neutron Source Energy Dependence

The energy dependenceof the neutron source is taken as a combina-

tion of evaporationand knock-on neutrons. The neutron source dependence

is given of the form:

Y(E) = (a”E exp(-E/T)+ b“e(3<E<10 MeV) + c“e(10<E<15

where e represents step functionsover the indicated“knock

MeV)) (2)

on” neutron

energies; a, b and c are set to yield 62% of the

neutrons, 14% as the lower and 24% as the higher

trons (Kornbkaet al., 1973). The evaporation

MeV (T = 1 MeV). The complete neutron source, in

neutrons as evaporation

energy “knock on” neu-

neutrous are peaked at 1

units of aeutron/g*s*eVP

for a given size me~eorite of radius R at an intermediateradius r (r ~

R).

S(R,E,r) =

where S (R) is the absolute neutron
o

SO(R)F(E)G(R,r) (3)

source strength for a meteoroid of ra-

dius R and where the neutron’s source dependence,G(R,r), and its energy

dependence F(E) are normalized to unity.

Neutron TransDort Madel

The equilibrium flux of neutruns,O(E,r), neutrons/(cm2”s”eV),is

calculatedusing the neutron transport techniqueswith multigroup theor]

(Lingenfelteretsl., 1972) witheq. (3)asthe source of neutrons. l’h@

neutron flux $(E,r) is calculated for a one-dimensionalsphericalgeomttry

as ● functionof radius, r, and neutron energy? (E), from the neutron

transport equation ●fter the manner suggestedby Lingenfelteret al. (1972).

(4)



where

~=

PI(I.O -

u=
n

=(~) *
en

Sri(r)=

@n(r,M) =

@$/r) =

cosine of the angle with respect to increasingr;

Legendre polynomial of order “2”;

macroscopiccross section for total energy group, n, of

the bulk meteorite in cm2/g;

Legendre moment of the macroscopic scattering cross sec-

tion from energy group “g” to energy

the energy source for the nth ●nergy

the nth neutron energy group angular

within d~ of the P direction;

the Lth Legendre moment; and 0~)(r)

group “n”;

group (neutrons/gs);

flux (neutrons/cm2s)

is the group scaler

flux, often referred to as the equilibrium flux of

neutrone, (neutrons/cm*s),with energy between E-cn12 and

E+~n/2 (~n “ width of the nth energy group) at depth d.

The neutron transportequation (eq. 4) is solved for sphericalor

slab geometriesusing the ANISN Code (Engle, Jr., 1967) which uses a dis-

crete mesh in r and B. The present calculation is a F1-S8 type indicating

a Pl Legendre polynomial expansion within eight angular quadrature. A ra-

dial intewal size of about 2% of the meteorite’s radius was found to give

essentially the same results as finer internals. The neutron energy inter-

val or gro!lpStricture used in ANISN is the GAM II structure (Joanou and

Dudek, 1963) to take advantage of the extensiveEPR-DLC37 [Plaster et al.,

1975) tables of alemental neutron scatteringcross sections. The GM II

energy ●tructure (Joanou and Dudekf 1963) consists of 99 energy groups be-

tween 0.41 eV ●nd 14.92 MeV ●nd ●n ●dditional sin81e low energy (thermal)

-5group for the energies from 1 x 10 to 0.41 eV. The use of ● single ther-
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mal group is adequate in casesj like ours, that investigateisotopeswhich

do not have nuclear resonant behavior below 0.41 eV.

The discrete source term in ●quation (4) for a given size meteorite

of radius R is derived from equation (3) by summing the neutron source

S(R,E,r) over the nth ●nergy group and ith radial interval:

(S + c /2) (ri + A)
n n

S_(R;r,) - 411J dE f dr r2S(R,E,r)
(5)

n L
(E - en,2)n

where b is the inten?alwidth.

The neutron scatteringmacroscopic

tion for a meteorite is formed by adding

cross section [Plaster et al., 1975) and

(ri - A)

cross section used in the cal.ula-

the products of the microscopic

their atomic densities (see Table

1) in the meteorite. Adjustmentsare then made to the scatteringcross

sectians in the single thermal group. The themal cross sections in the

cross section set are modified to make them correspond to a material at a

temperatureof 300 K. (The EPR cross sections are for materials at 800

K.) The details of this adjustment arc derived and discussed in Spergel

et al. [1980b].

Neutron Induced Isotoves

The production rate P(r) at radius r of a neutron-capture-produceu

nuclide is calculatedby multiplying the derived equilibriumneutron flux,

$go(r) by the appropriateneutron capture cross section and sumning over

energy groups’fora given depth,

P(r) = I $ ‘O)(r)Wg(n,Y)
*8

(6)
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where tWg(n,Y) is the macroscopicneutron capture cro8s section for the

gth group. These neutron radiative capture croaa sections, in the w-11

structure,are calculateddirectly from evaluated experimentaldata

(Kinsey, 1979) sets by using energy group averaging in the NJOY-80 com-

puter program (MacFarlaneand Boicourt, 1975).

Results

The Influence of Meteorite Size on the EquilibriumNeutron Flux

Neutron ener%y spectra at a given depth. The strongest influenceon

the equilibriumneutron flux within a meteorite is the size of the meteor-

ite. The intensityand shape of the neutron energy distributionare found

to vary rap~.dlywith meteorite size in small meteorites with radies ;CSS

then 0.5 meter (1S0 g/cm2 for stony meteorites and 300 g/cm2 for iron

meteorites). The neutron fluxes, as a function of neutron energy, near

the surface in L-chondritesof various radii are shown in Figure 3. The

2
Tesult for the 10 g/cm radius meteorite has an energy distribution far

the neutrons along the limo of Zhe original production spectrum of evapo-

ration and knock-on neutrons. The deviation of the neutron flux energy

spectrum from that of the production energy spectr~ is in the build-up of

lower ●nergy neutrons. The presence of more mass in the meteorites in-

creases the buil~ up of low energy neutrons by multiple scattering. The

results for larger chondrites (R ~ 150 g/cm2) approaches the l/E neutron

energy distributionexpected for an infinite,p{ fectly-scatteringmedium.

The flux for the lunar soil calculatedhere ●nd by other (Lingenfelteret

al., 1972; Kornblum et al., 1973), also displays this l/E dependence. The

neutron scatteringwashea out tl,~details introducedby the neutron produc-

tion spectrum at all but the highest neutron energies (these high energy

neutrons suffer infrequentscatteringcollisions).



The shape

however, variem

of the

little

11

energy distribution for Fhe equilibriumneutrone,

with locationwithin a given meteorite. The energy

8pectra for neutrons immediatelybelow the surface and in

L chondritemeteorite with a radius of 50 g/cm2 and of an

Norton Country)with R = 250 g/cm2 are shorm in Figure 4.

the center of a

aubrite (like

The insensitiv-

ity of the energy distribution to depth is attributed

energetic neutrone. The 8catteringcross 9ections of

rial for high-ener~-neutrons are small, consequently

to the more

ti,:meteoritic

these neutrons

relatively largemean free paths in the meteorites. The high-energy

mate-

have

neu-

trons are thereforedistributedthroughout the meteorite. These energetic

neutrons are down-scatteredto become low-energyneutrone, which have

short mean free paths. The combinationof long range high-energyneutrons

and localiy scattered low-energyneutrons leads to the calculatednearly

depth independentenergy spectrum for the equilibriumneut.rone.Other ef-

fects which depend upon the distributionof the neutron energy, such as

coemogenic induced relative ieotopicabundance (see below), will also be

depth insensitive.

Variation of equilibriumneutrons with depth. The total neutron

flux (the total number of eecondaryneutrons per CU2 per see) varies with

dapth. This is shown in FigUrn 5 for L-chondritrr,an irc~ meteorite, and

the Apollo 11 soil. In the smallestmetaorit@s (rmdii less ~han @250

g/cm2) the neutron flux is a very slowly increasing functionwi~h depth,

while for largermeteorites the neutron flux peaks at depths of $150

g/cm2 and then taile off exponentially. The 235U(n,f) reaction,becauae

of ita large thermal Cross section, ie a good probe for low-energyneutron

intensity. The shape of the lunar neutron flux calculatedwith the Apollo



12

11 elemental abundance (Figure 5) is in good agreement with the 2351J(n,f)

results for the chemically similar

The Effect of Elemental Abundance

EnerRY spectrum of ne*utrons.

Apollo 17 soil (Woolum et al., 1975).

L-chond:ites,H-choridrites,C3-

chondrites,aubrites (which have low iron contents), and iron meteorites

have been exz.minedwith radii between 10 and 2000 g/cm2. Table 1 lists

the elemental abundances in the various meteorites examined as taken from

a compilationby Mason (1979). The neutron fiux as a functionof energy

near the surface of the meteo.ite ie displayed for 300 g/cm2 radius in an

L-chondrice (Figure 3), an aubi’ite(Norton County) (Figure4), a C3

chondrite and an iron meteorite (Figure 6). The e~.ergydistributionsof

neutrons within L-chondritesand H-chondriteaof the same size are almost

identical. The neutrons iiithe stony meteorites of radius 300 g/cm2 dis-

play the l/n structurewith spectral detail imposed at high energies by

neutron absorptionpeaks or vaileys in the major constituentsof the

160 28Si, 24meteorites,principally , Mg, and 56Fe. The neutron epectrum

for the iron meteorite (Figure 6) reflects the iron’s strong neutron ab-

sorption.

Neutron deuth dependence. The depth dependence of the energy

integratedneutron flux for ●n i:on meteorite, L-chondriteswith various

radii and a lunar soil of Apollo 11 @lemantal abundance ia seen in Figura

5. In the Apollo 11 soil, ●s with the L-chondrite, there is ● peak in the

neutron flux betwaen 100-200 g/cm2 in depth. Large values of the maan

free path of the neutron in tha material [or correspondinglysmall values

of the macroscopic total neutron cross section for tha material) dictate

● position for ● neutron flux peak deep beneath the surface, Th neutron

flux energy and depth dependence displayed in Figure@ 4-6 show, ●s in
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suggestedby eq. 4 above and by otherm (Lingenfelteret al., 1972; Spergel
.

et al., 1980a; Kornblum et al.? 1973~? that the main features of the neu-

tron flux depend upon the total macroscopic cross section (which is

averaged over the material of the meteorite). This tctal macroscopic

croes eection ia insensitiveto a large variation in the

elemental●bundances (with the exception of hydrogen) in

The ●ddition of hydrogen will radically change the

(distribution Lingenfelteret al., 1961; Lapides et al.,

relative

the meteorite.

neutron

1980]. The scat-

tering by hydrogen rapidly degradee the energy of the neutron. The neu-

tron flux in hydratedmeteorites will peak closer to the surface and then

fall off more rapidly with depth than the dry (hydrogen-free)meteorites.

The effect of thn presenca of hydrogen, (seen for 300 g/cm2 meteorites in

Figure 7), is displayea by comparing the neutron depth dependence in a hy-

drogen-richmeteorite (a C3 meteorite) with that in dry meteorites (L

chondrite and iron). In the C3 meteorite, the neutron flux peaks within

the first 60 g/cm2 while within the dry meteorites the neutron flux

doesn’t ●ttain their peak values until 100-200 g/cm2 beneath the surface.

ProductionRates of 60co, 59Ni and 36Cl by Neutron-CaptureReactions

The techaique for calculatingrates for neutron-capturereactions

were discusoed in detail in the earlier oe~tions of this paper. The equi-

libriumneutren flux, both dapth ●nd ●nergy dependent, was detemninedwith

neutron trmnmport theory. The production rates for
60
Co and

59
Ni were

obtained ueing experimentalenergy dependent (n,y) cross rnectionsfor %0

58Ni, respectively.●nd The elemental ●bundances for Co, Ni ●nd Cl used

in theee calculationsar~ given in Table 1, ●xcept for cobs’ltlevel in

●ubrite which was ret at 14 ppm.



The calculation

ited by the ●vailable

1/ .

36C1 was somewhat lim-of the production rates for

energy-dependentcross section data. Only data for

naturally occurring chlorine is available in the ENDF (Linsay, 1979) cross

section library. However, the ●vailable thermal ~i low-energyneutron

data for 35C1 ●nd 37Cl indicate that the neutron capture cross section for

(35cl)/uny(37cl)=
35
Cl ia dominant within natural chlorine (sinceUW

100.5 (Kinsey, 1979)). It is rea~onable to use the cross sections for the

36
natural chloride to calculate the Cl production rate. In meteorites

larger than 100 g/cm2 where thermal neutron capture is domir,ant,the 36C1

production rate will, to within J’1%,be the total neutron capturn rate for

natural chlorine.

Cobalt-60 Production.

megeorikes with R < 50 glcm2

The highest
66
Co pro-duction

The calculated
60
Co production rates in stony

(MOE < 40 kg), ●ra below 1 utom/min g-Co.

rates ●re found within stony mecaoxitds wh~n

the radius is ●bout 250 g/cm2 (1,4 m ●cross). In meteorites of radiua

greater than 400 g/cm2, the
60
Co production rate pnaks ●t a depth of about

175 g/cm2 in L-chondrites,125 g/cm2 in C3 chondritea and 190 g/cm2 in

●ubrites, In Figure 8 the
60
Co production rates for 1+chondrites ●re seen

,:onvergj,ngto the c~lculated lunar scil values ●s the UeteOrita SiZe is

increaaed. The Apollo 11 lunar ●lemental●bundance and a neutron produc-

tion rate ●t 12.8 n/(cm2/a) were used in c&lculating ehe lunar soil activ-

60ityr the calculated Co produc*~un rates for the Apollo 11 coil is in

60good ●greement with the Co rasults from iunar cora (Wahlen ●t al.,

1973). The calculated
60

Co production rateo ●re shown in Figure 9 for ‘“O

glcm2 meteoritaa of

The production peak

oritet

C3, wbrite and L-chondrite (on ● “per g Co” basis,.

is closest to the surface in the hydroten-richC3 mete-



Cobalt-Nickelratios.

●nd 11 display many similar

15

The 59Ni production ratea shown in Figures 10

features to

59
peak Ni production rate in meteorite

●bout 10 g/cm2 deeper than the peak for

60
thcae of the Co actiwity. The

greater than 400 glcm2 occurs

60C0 However, the 59. Ni/60Co

ratio varies with meteorite size ●nd eleaeutal ●bundance. The variation

59Ni,60Co variation i8
in this ratio is seen in Figures 12 and 13. The

linked to the neutron energy spectra,which varies with the size of the me-

teorite. Nuclear production rates are el,ergydependent, at low energies

the
60
Co production rate is much larger than the

59
Ni production rate.

Consequently,the resulting
60
Co ●ctivity will be moise sensitive than 59Ni

to vsriation in the low energy neutron flux. In the previous sections, it

wan seen that the fraction of neutrons with low energies rapidly increaoes

with meteorite size up to a radius of $300 g/cm2 in an L-chondrite. The

decrease of tha 53Ni/60Co ratio with increasingmeteorite 8ize reflects

this increase of low-energyneutrons. In the C3 chondrite, the neutron

energy structure●pproached the l/E ehape in meteorites as small ao 30

g/cm2, Consequently,the
59
Ni/60Co ratio variee little with meteorite

2size for meteorites larger than 50 g/cm . In ●ubritee, the neutron flux

●lso ●pproaches ● l/E shape in relatively small meteorite, (here, a uete-

orite with R - 50 g/cm2 has a considerablelow-energyneutron flux). The
~g
‘-Ni/6gCoratio in ●n mbrite correspondinglyshows littla dependenceon

meteorite size.

The value of the 59
Ni/60Co ratio is nearly constantwith depth in

most meteorites, This ●ffect was ●xpecLed ●s the shape of the neutron

flux ●nergy spectrum,ss discussed ●bove, shows littl~variation with

depth within ● meteorite, The 59Ni/60Co ratio can be used in the ctony ❑e-

teorite to determine the size of the parent ❑eteorite from meteorite
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fragmnts, if the parent meteorite was less than 75 g/cm2 in radius. If

the parent meteorite was larger than 75 g/cmz “In rsdius, a lower limit on

the size of the parent meteorite from its fragmentcan be set. In C3

chondrite this not possible.

Chlorine moduction. The 36C1 production rates,

like those of the 59Ni ●nd 60Co, increaseswith meteorit~ size, reaching

a raximum activation in ordinary chondrites of size of about 300 g/cm2 in

36radius (Figure 14). In largermeteorites, the Cl production rate

2 59reaches ● maximum at depths of 190 g/cm , The Ni/36Ci ratio (Figure

15), like the
59
Ni/60Co ratio shows large variation with meteorite size

but remains nearly constant within ● given meteorite. The ●rgments for

the 59Ni/60Co behavior ●pply directly to t:.e 59Ni,36C1 ~eeult~o

SvallogenicProduction ‘Ratesfor 60co,
59Ni and 36C1

These radionuclidesalso can be made in meteorites by tpallationre-

●ctions induced by GCR particleswith E > 3 MeV. The production ratea for

these nuclides by ouch energetic reactions nead to be known in

interpretingthe measured activities of these radionuclidesbecause the

ratea for spa]latienreaction~will be greater than the rates for the neu-

tron-capture :eactionsin smaller meteorites. For60 59Niprodu~-Co and

tion, the muin cpallogenicreaction. are
60 60
Ni(n,p) Co ●nd 60Ni(n,2n)

59Ni,

reupcctively. For36n”%* “ * ‘4 ~~

The ratie for those

particle flux~s and

those uoed ●bow to

The croos sections for the important

tion ratee ●re described for ●ach of

lowins paragraph.

~l? cna maan cargec ●Lemence are cuLclum ●nd Lron.

apallationreactionswere calculateduei.ngGCR-

reactioncroos sections. The CCR-particlefluxes were

determine the nautron-eource profiles and .trengtho.

reactions and the calculated produc-

theoe three rad{onuclidecin the fol-
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Spallogeniccobalt-60 production. The cross sections used for the

60
Ni(n,p)60Coreaction were baaed on experimentaldsta up to 15 MeV

(Carder and Kinsey, 1976) and estimated from similar reactions at higher

energies. The peak cross section for
60
Co from natural nickel was 45 mb

at 8 MeV. Measured cross eectiona for analogous reactionswere used for

the 62Ni(n,p2n)60Coreactions, the only other importantseurce of

60C0 60
spallogenic . About 10-20% of the spallogenicproductionof Co was

62Ni 60
calculated to have been from . The calculated Co production rates

by these spallationreactionswith a nickel concentrationof 1.2% ranged

from 0.25 atoms/min kg near the surface of very small or very large meteor-

ites to 1.2 atoms/min kg near the centers of meteorites with radii of

70-300 g/cm2. Production of 60Co by solar cosmic rays should be very

60
small as there ●?’efew reactions for making Co with these particles.An

L-chondriteneeda to have a radiua of over 50 g/cm2 before the rate

60
making Co by neutron-capture,reactions is greater than that by

spallationreactions.

Spallo&enic nickel-59 production. The croes eectione assumed

the 60 Ni(n,2n)59Ni reaction at low energies were those measured for

for

for

the

59Co(n,2n)58C0 reaction (Garber and Kineey, 1976). Croes sections for the

(n,xn) reactionswith heavier Ni isotopeswere included,but the contribu-

tions of heavier isotopee to 59Ni production were small.

59eection for making Ni from natural nickel wae 200 mb ●t

59
calculated Ni productionrates for ● Ni content of 1.2%

The peak cross

17-20 MeV, The

ranged from

about 1,5 to ● little ovar 4 ●toms/min kg. A emall ●mount of
59
Ni could

be produced near a meteoroid’t surface by solar coemic rays via the

56Fe(a,n)59Nireactiono.60Ni(p,pn)59Ni ●nd Tha ●pproximate radius of an
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L-chondritewith equal production ‘byspallation and neutron-capturereac-

tions ia 75 g/cm2.

Spallogenicchlorine-36production. The cross seclions for the pro-

duction of
36
Cl from potaasium and calcium were those of Reedy and Arnold

(1972),with the latter changed slightly at 1 GeV t~ fit recent experimen-

tal cross sections (Dedieu, 1979). The cross sections used for

Fe(p,x)36Clwere similar to shape to those of ref. 11, but increaoed to

match experimentalcross sections (Dedieu, 1979; Regnier et al., 1977;

Bares and Regnier, 1984). For meteoroids with R = 40-100 g/cm2, the

36
calculated Cl prOduCtiOIIrates from iron were 14-19 stoma/minkg-Fe and

those from calcium were 130-240 atoms/mia kg-Ca. The ratiua of the produc-

tion rate from calcium to that from iron varied by more than a factor of

two for R _ 40-100 g/cm2, being low near the surface ●nd high in the cen-

ter of large meteoroids. The net rates for ~pallogenic
36Cl in L-

chondriteeranged from 3 to 8 atoms/min kg and usual’lywere 6-7 atomslmin

kg, in fairly good ●greement with measured
36
Cl activities in chondrites

(Begetin net●l., 1969; Honda ●ndtirnold, 1964). Solar-cosmic-rayproduc-

tion of 36C1 should be small [Reedy and Arnold, 1972), Aa nc”ed by

Eberhardt et ●l. (1963], the spallogenicproduction of 36
Cl dominates un-

less the mateoroid is very large, the chlorine content is high, or both.

Comparisonwith Previous Results

Our calculatedrasults from neutron fluxes ●nd for nautron-

capture-producedradionuclides●rQ generally in good agreementwith

earlier calculation ●nd with meaouraments in extraterrestrialsamples.

The results of our slab calculations●gree with the calculationof

Lingmfelter ●t ●l. (1972) and of Kornblum et ●l. (1973) ●nd with the

lunar nautron measurement~ (Woolum ●t ●l., 1975). The ●boolute valuea ●nd
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●ctivity-versus-depthprofiles calculated for
60Co in the moon agree with

the measured activitiesof Wahlen et al. (1973). The calculatedresults

for large epheres are converging to those for a slab, but there still are

&ignificantdifferencesbetween the results for a slab and for a sphere

with a radius of 1000 g/cm2. The calculated

production rates for small spheres are quite

large objects.

Calculation of Eberhardt et al.

neutron fluxes and nuclide

different from those for

The results of our c&lculationsfor spherical ordinary chondrites

can be compared directly with those of Eberhardt et al. (19631. Both sets

of calculationsgave results that are quite similar. However, there are

some miuor differences. At the surface of a meteoroid, their
60
Co produc-

tion rates were r,earzero, while our largest rate at the surface is about

13 mtomslninlg-Cofor radii between 300 and 600 g/cm2. Their maximum 60co

production zake is about 13% above our largest value, 375 ●toms/min/g-Co.

Most of this difference is due to the absolute neutron source strengths;

their

ours.

Their

semi-infinitemedium source strengthwas about 13% greater than

Their production-rate-versus-depthprofiles are slightly diffarent.

profile for R = 150 cm (about 525 g/cm2) decreases from the maximum

rate to the rate ●t the center more slowly than does our profile for 600

g/cm2, possibly because they used a larger value equivalent to L (Eq. 1)

in their neutron source profil~. We both calculate differences in the

60Co/59Ni production ratios with radiua. However, Eberhardt at al. (1963)

36C1/59Niproduction ratiodid not report the variation we found for the

in smaller metaurites.
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Cobalt-60Measurements in Varievs Meteorites.- ..—.—

Jilin results. Chr calculated production rates are in good ●gree-

60
ment with the mmy measured Co activities and with the few meaaured 5gNi

or 36
Cl activities. The very iargc (104 kg) Jilin (Kirin) H5 chrondrite

that fell in,1975 had a pre-atmoapher>czadiu8 that ia known to have been

60
about 300 g/cso2(Ileusserand Ouyang, 1981). Measured Co epecific

activitie8 in many samplee of Jilin range from 53 to

al., 1982; Heusser and Ouyanq, 1981), or about 71 to

a Co abundance of 75(?Ppm (G. Fleuseer,priv. comat.).

agree very well with our c~lculatedproduction rates

260 dpm/kg (Honda et

347 dpm/g-Co, using

Theee activities

for R = 300 g/cm2

(13-345 atoms/min/g-Co), i,dic?tingthat our absolute source strengths are

60probably accurate. ThrJlowest measured Co activity correepondo to a

pre-atmosphericdepth of ●bout 20

Allende results. The rmtg~

(mass > 2000 kg or R> 175 g/cm2)

(Cressy,Jr., l!?72;Evanaet al.,

Denise ●nd Pellas, 1982; (14-356

glcm2.

of 60
Co activitiesmeasured in the large

Allende C3 chondrite wae 9 to 226 dptc/kg

1982; Mabuchi e~ al., 1975; Bourot-

dput/g-Coaosuaing a Co ●bundance of 635

ppm (Cressy, Jr., 1972)), with mo~t values between 41 and 185 dpm/kg. Our

calculatedproduction rates for C3 chondriteswith 100 ppm of hydrogen

range from 15 to 240 dpm/R-do. As most C3 chondritee probably have quite

low H contents (Macon, 1979; Cressy, Jr., 1972), the 60
Co ●ctivities in

Allende should ●leo be compared with the calculated ratee for dry L-

chondritee, which range up to 375 ●tom8/min/g-Co. ‘ha deptht inferred in

Allende from measured treck denaitiee ●nd 60Co ●ctivities ●gree well

(Bourot-D.niseand Pellss, 1982]. The ●greement with the depthe infarred

from calculation ueing a dry L-chondrita composition ie bettar than that
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for tha C3 chemistry with 2~PPIII hydrogen~ indicatingthat the hydrogen

content of Allende was probably quite low.

St. Saverin results. The LL6 chondrite St. Severin

of 272 kg) had 60Co ●ctivities that ranged from !.9 to 21

Jr., 1970; Marti et al., 1969) or about 4 co 49 dpm/g-Co.

(recoveredmess

dpm/kg (Cressy,

The h~~hest

60
co ●ctivity correspondsto that calculated for “’hecenter of e R R 100

g/cm2 chondrite (mass of 3S0 kg), consistentwith :;:cpre-atmosphericmass

inferredby Bhanderi et al. (1990]. Martiet al. (1969) deduced from

60
their data that the pieces with Co activitiesof& and $26 dpm/g-Co

were from depths of 8 cm (28 g/cm2) and “close to the surface?”while such

production rates calculated for a R - 100 dcmz cnondrite correflpondto

depthr of about 8 and 38 8/cm2, respectively. These differencesin the

inferreddepths could be because the pre-atmosphericbody of St. Severin

wan non-sphericaland Lhese two piecern came from the sharp tip anu flat

surface of an ellipsoid. Unfortunately,the unusual shapes of some

meteoroids is a poten~ial complicationfor makin8

calculations,which are for ephericalobjects.

Qther cobalt-60 results. Except for the C2

60
which has Co activitiesof 79*3 and 5322 dpm/k8

comparison with our

chondriteMurchison~

(Cresay,Jr.j 1972;

Evans et al., 1982), ●lmost ●ll othsr chondriteshave
60
Co activities that

are below about 25 dpm/g-CQ (Honda ●nd Arnold~ 1964; Evans et ●l., 1982;

Creosy~ Jr., 1970; 1971; Mabuchi et al., 1968; Shedlovskyec al., 1967).

2 (mass of 250 kB) would have a maxi-A choudritewith a radius of 90 u/cm

mum 60Co production rate of 25 ●toms/min/g-Co,so most recent fslls proba-

bly had pre-atmosphericmasses less than 250 kg. The two meteorites

identifiedby Evans ●t ●l. (1982) ●s being small because of their high

22
Ne/21Ne ratios, Candn City ●nd Kabo, had low

60
Co ●ctivities, 1.1 t 0.7



and 2.1 ~ 0.9 dpm/g-Co, respectively. Most of the measured 60co

activities in ref. 31 were 2 dpm/g-Co or less, and the contribution of

60
spallation reactions to the total Co production is significant. The

lotiest activities or limits for
60
Co, about 1 dpm/g-Co, are ccnsiscent

60Co. The 60with the calculated rates for spallogenic Co activity,0.32

k 0.08 dpm/kgp measured in one sample from Lost City is very low and is

60near the lowest rates calculated for spallogenic Co, possibly because it

fell just after solar maximum.

Due to the modulation of the galactic cosmic rays over an 11-j?ear

solar cycle! the production rates of coemogenic nuclides, and of neurrons?

varies by a factor of 2.5-3.0 (Evans et al., 1982). However, because of

60
its 5.27-year half-life, CO is made over several solar cycles and its ac-

60
tivity will vary much less. The maximum Co activity was calculated to

b-
occur 2.3 years after the minimum of solar activity and tohonly 10% ~bove

that averaged over a camplete solar cycle.

Nickel-59 Results

There are few activities of 59Ni reported for stony meteorites, in

part because of the need to do chemical separationsand low-levelX ray

counting. Most measured 59Ni activities are between 9 and 13 dpm/kg

(Honda and Arnold, 1964; Mabuchi et al., 1968, 1975; Marti et al., 1969;

Shedlovsky et al., 1967), well within the calculated range for neutron-

capture reactions ~nd above the rates calculated for spallogenic

reactioneo Swh activities correspond to pre-atmosphericradii of~ 100

g/cm2. Both 6oCo ●nd 59Ni were measured for ●lmoet ●ll of these samples.

The ratioa of 59Ni/60Co ●ctivities (in dpm/kg) were near 1, the ratio

calculatedhere for L-chondrites. Ae the elemental ratio Ni/Co in ●ll

59
chondrites is about 21, independentof type, the Ni/60Co ●ctivity ratio



tihouldnot vary with the class of

For very small meteorites (R < 50

the chondrite, but only with the size.

g/cm2), the spallogenic production ratio

59Ni/60Cot?ctivityof 59Ni/60Co, about 4? will domiaate. The highest

ratio was for Granes 1.6 * 0.6 (Mabuchi et al., 1968). This relatively

high ratio and the low activitiesof 59Ni and 60Co, 10.5 5 1.5 and b.4 t

1.S dpm/kg, respectively,are consistentwith a pre-atmosphericradius as

59
small as 80 g/cm2. The Ni/60Co activity ratio for an Allende sample was

0.91 * 0.11 (Mabuchi et al., 1975), much less than the ratio of 1.9

calculated for a C3 Chon?rite with 2W ppm hydrogen; further evidence thct

the hydrogen content of Allende was quite low.

Chlorine-36Results

There are very few experimentalchecks for the rates calculated for

36
neutron-capture-pr~duced Cl, as almost all of the measured 36C1

activities in stonymeteorites are near the range of the spallogenicpro-

duction rates. A high 36Cl activity of 54 Y 2 has been reported for piece

N. 3529 of Allende (Mabuchi et al., 1975). The calculated spallogenic

production rate of 36C1 in Allende is 7 f 1 dpm/kg. Allowing a larger un-

certainty for the spallogenicrate, the observed neutron-capturerate for

36
Cl in this specimen is 47 k 4 dpdkg. Reported chlorine abundances for

bulk Allende samples ●re 220 ppm (Mason, 1979) and 237 ppm (Dreibue et

al.? 1979)~ ●nd eight chlorineanalyses in C3 chondrites (Mason, 1979;

Dreibus ●t al., 1979) ranged fr~ 149 to 370 p-, with an average of 253

~ 63 ppm. Adopting ● Cl content of 230 ppm, the.neutron-capturerate for

36
Cl in this sample is 204 t 17 dpm/g-Cl, considerablygreater than the

59 60
rate of 120 dpm/g-Cl calculated from the Ni ●nd Co activities. As

59 60
noted ●bove, the calculatedand observed ratios of Ni and Co in this

59Ni/41Ca ratio, 2.94 k 0.70 [Mabuchispecimen●greed well. The meaaured



et al., 1975) is below, but agrees with,

uncertainties,the ratio calculatedwith

24

within relatively large

thermal-neutron-capturecross

Szctiona. Mabuchi et al. (197S] suggested that this part of Allende lost

a surface layer of about 10 cm thick during 10-104 years before its fall.

The agreement we find for
60C0 59Ni ~,nd41

9 P Ca Lndicate that such a loss

5would have had to occur about 2 x 10 years ago. The correlationof ex-

cess 36Ar made by the decay of neutron-capture-p?oduced36Cl and of 60co

in inclusions from four Allende specimens (Gobel et al., 1982) does not

36
require such a loss of surface layer. The high Cl content could be due

to a high chlo~ine abundance (about 390 ppm?. Such an abundance is above

the range measured in C3 chcw!rites,but is possibly given the

heterogeneityof chloriliein Allende, especially the high Cl content of

the fine-grainedincisions (Gobel et al., 1982).

Our

meteoroid

Discussion

calculationsallow us to investigate in detail the effects ~f

radius and elemental abundance and of sample depth on the fluxes

of low-energyneutrons and on the dtes for neutron-capturereactions.

The most importantparameter is the size or radius of the pre-atmospheric

body. In small meteoroids, few neutrons are made, many neutrons escape,

and most neutrons have not had enough scattering reactions to be slowed to

near-thermalenerSias. Thus rates for neutron-capturereactions a?e very

low. As

neutrons

spectrum

the meteoroids become larger, the neutron source is higher, fewer

leak out, and more neutrons are “thermalized”and tha neutron

approaches ● l/E shape, The magnitudes of measured ●ctivities of

(n,y) products are useful in establishingpre-atmosphericsizes. For a

given radius in most meteoroids, the neutron spectral shape does not vary

significantlywith depth, ●nd so the ratio of the activitiesof two r.eu-
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tron-capture products can be used to set limits or to detemine pre-

●tmospheric dimensions.

In larger meteoroids,

large variation in neutron

the transportand leakage of

fluxes and capture rate with

neutrons cause

depth. The

shapes of the production rate -versus-depthprofiles vary considerably

with depth. For R < 300 g/cm2, the production rates increase

monotonicallyfrom the surface to the center. For larger radii the produc-

tion rates peak near a depth of 180 g/cm2 and decrease toward both the sur-

face and the center. The highest calculated
60
Co production rate in an or-

dinary chondrite is 375 atome/min/g-Conear the center of a spherical

2
meteoroid with ● radius of about 250 g/cm .

The chemical compositionof a meteoroid also influences the neutron

spectrum and rates for neutron-capturereactions. The presence of hydro-

gen caunea neutrons to be slowed rapidly ●nd MO hydrogen can considerably

change the neutron fluxes und neutron-captureprofiles in a meteoroid.The

calculationsfor ordinary chondritesand C3 carbonaceouschondriteswith

water illustrate the influenceof hydrogen on the neutron flux profiles in

meteorites. The ●bundances of the elements in ● ❑eteorite togetherwith

their microeocopic crose sectionswill detenaine the neutron macroscopic

cross section, The neutron transport is affected by the total macroscopic

cross section. The calculations for ordinary chondritee ehould apply will

to ●ll dry (“w hydrogen cor.tent)stony objects with similar macroscopic

cross sections. The capture rate per target ●tom increaseswhen the macro-

scopic cross saction decreases (Reedy, 1978).

The large variation ●s a function of size ●nd depth

tion rates of neutron-capture-producednuclidesmak~ such

useful in studies of tha cosmic-ray ex~osure histories of

in the produc-

producte very

meteorites. The
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range of neutron-capture rates ●re much gre8ter than that for the rates of

producing nuclides via spallation reactions, In both Jilin [Honda et ●l.~

1982; Heusser and Ouyang, 1981) and Allende (Creasy, Jr.? 1972), the

60
meaeured C~ activitiesvaried by iactors of 5 ●nd 10, respeceively~

22 26while the Na and Al activities change by less than a factor of two,

60C0
and only exhibited a weak trend with the depths inferred from the

activitie~. The variation in the production ratee of spallogenicnuclidem

with meteoroid radius is calculated to be such lQSS than that for neu-

tron-captureproducts. A few ●ctivities or isotopic ratioe (e.g.?

22
Ne/21Ne) of spallogenicnuclides do vary enough with depth or radius

that they can be used in studiee of depth effects in meteorites. Nuclear

tracks ●re observed near the surface- of meteorites ●nd the track

dennitiee vary considerablywith depth. All of these types of comic-ray

recorde complementeach other and together ●re powerful tools in unfolding

the ●xpoeure historiee of meteoritic eamplee. The large dynamic range of

the rates for neutron-ctpture reactions ●re ●specially useful in studies

of large meteorites.

Other productsmade by neutron-captureor similar reactions in mete-

orite shculd follow trende with radius? depth or chemistry that ●re simi-

lar to thoee calculatedhere for 60co, 59Ni and 36C1. The stable d~cay

product, of 36cl,,36A%, can be remdily measured (Gi5bel●t ●l., 1982) and

ueed ao ● record of ● meteorite’ s integralcxpooura to coemic rays, Neu-

tron eapturt reactionewith halogens ●iso produced 80 82Rr, ●nd 128X8
Kr,

in Allendg inclusions(Cobel ●t ●l., 1982). Other radioactive nuclidee

mada by (n,y) reactiono ●nd occasionallymeaeured in meteorite (Mabuchi

41 45
●t ●l., 1968~ 1975) include Ca ●nd Cat In large objecte with much ni-

tro89n, 14C would be made by thermal ●nd apiehermal neutrone via the
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14N(n, p)14C reaction. Many stable isotopic effects me produced by (n,y)

158
reactions (Lingenfelteret al.? 1972), ●uch as Gd, ●nd should be observ-

●ble in large meteoriteswith long expoeure ●ges (e.g.! Norton County).

Noble gasee, other nuclides, ●nd fission tracks can be produced by the fis-

sion of 235 U induced by low-energyneutrons, although in meet

cosmogonic fiesionwill be dominated by energetic neutrons (E

reactingwith 232Th or 238U. All of the reac:ionm induced by

meteorites

> l!eV)

thermal or

epithennal neutrons should follow trends similar to those reported here.

The transportcalculationsreported here were for neutrons produced

by gslactic-coemic-ray(GCR) particles. However, these bssic trends for

the transportedneutrons ●s ● function of radius, depth ●nd chemistry

would ●pply to nautronc produced by any type of en~rgetic particles. In

small spacecraft, neutron-capturereections should be unimportant if the

hydrogen content ia low. Energetic solar (“SCR”) particles can produce

neutrons in the outer few centimetersof extraterrestrialobjecte, @l-

though the totsl number of SCR-producedneutrons are ueually much less

than thoee made by GCR particles. Our calculationsshow that the source

neutronshave deep penet~ationinto an object, controllingthe spatial dis-

tributionef ●ffects due to low-energyneutron#. The importanceof SCR-

particl~s in producing neutron-captureproductrnshould be emall, ●ven for

moct short-livad radionuclideaimedistely ●fter ● larse ~olar flare.

In meteorites,many isotopicanomalieshave been identifiedthat

apparentlywere produced near the time that the solar system was formed.

Our calculstionoshow that in ordtr for neutron-captureproducts to be

presently obaervabla,a meteorite mmple muet have been part of an object

whostipreatmoophericsise was treater then 50 S/cm2 ●nd ●lso mutt have

been situated ●t depths lees than a few tnoutand g/cm2 within the object.
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A similar range of depthe and radii also would ●pply to neutron-capture

reactione induced by energetic particlea ●t any time in the history of a

piece of matter. The wide range of flexes ●nd capture rates calculated

for low-energyneutrons in meteoroids would imply that ●ny effects due to

similar reactions in the early solar system also would vary considerably

with sample location inside ● ●xtraterrestrialobject.
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Table 1. ElementalAbundances in Percent (Mason, 1979) of Meteorites

Elemental
Composition L-Chondrite H-Chondrite C3 Chondrite Aubrite

Hydrogen

Carbon

Oxygen

Sodium

Magnesium

Aluminum

Silicon

Phosphorus

Sulfur

Potassium

Calcium

Titanium

Chromium

Manganese

Iron

Cobalt

Nickel

36.96

0.65

15.2

1.1

18.7

0.10

2.15

0.09

1.3

0.07

0.38

0.24

21.8

0.06

1.2

33.59

0.58

14.2

1.01

17.1

0.11

2.0

0.09

1.2

0.06

0.34

0.23

27.6

0.09

1.8

0.23a

0.5

36.20

0.38

14.5

1.33

15.6

0.16

2.3

0.03

1.8

006

0.35

0.15

24.5

0.06

1.3

0.04

46.7

0.10

24.6

0.32

25.4

0.01

0.50

0,03

0.47

0.04

0.05

0.12

1.6

0.04

●AawmedH content, as per Mason, 1971.
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their radii. The eouree strength for an infinite radius is

2neutrons/cm s.
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near the e-r-
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Fig. 5. Neutron flux ae a functionof depth in the lunar Apollo 11

soil, ●n iron meteorite (R = 600 g/cm2) and in L-rhoudriteswith radii of
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Fig. 7. Neutron flux ●a ● function of depth in an L-chondrite,a

C3 choudrite,and●n iron, ●ll 300 g/cm2 radius.

Fig. 8. Cobalt-60 production ratea ●e a function of depth in L-

chondritecwith radii of 75, 15~, 300, 600 ●nd 1000 g/cm2 ●nd the Iunav

Apollo 11 soil. (5SC0 ●bundance taken at 600 ppm.)

Fig. 9. Cobalt-60 production rates ●s a function of depth in a 300

S/cm2 uateorites with compositions of L-chondrite, C3, ●nd ●ubrite (given in

59
per gram Co premnt).
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Fig. 10. Nickel-59 production rates ●s a function of depth in L-

chondrites with radii of 75? lSOP 300? 600 and 1000 g/cm2 and the

lunar-Apollo11 soil (Ni ●bundance taken ●t 1.2%).

Fig. 11. Nickel-59 production rates as a function of depth in a 300
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,sIcmz meteorites with compositionsOf L-chcmdriter C3 and aubrite (given in

per gram Ni preeent).

Fig. 12. Production ratioe of
59l$i/60Co ●e a function of depth for

L-chondrite meteorites with radii 75, 100, 150, 300, 600 and 1000 g/cm2

59
and the lunar-Apollo11 soil ( Co ●bundance at 570 ppm ●nd Ni at 1.3X by

wt.)*

Fig. 13. Production ratios of 59Ni/60Co in meteorite with a 300
.

8/ cmz radius: L-chondrite (abundance taken: 570 ppm- Co; 1.27%- Ni),

of C3 chondrite (abundance taken: 620 pp- Co; 1.33%- Ni) and of

aubrite (abundance taken: 14 p= Co; 200 ppm- Ni).

Fig. 14. Chlorine-36production rates ●s a function of depth in

300 g/cm2 meteorite with composition of L-chondrite, C3, and aubrite

(given in per gram of chlorine present).

5gNi/36Cl in meteorites with a 300Fig. 15. Production ratioe of

g/cm2 rediue: L-chondrite (abundance t-ken: 1.27%- Ni; 25 ppm

chlorine),of C3 chondrite (abundance taken: l.33%- Ni; 25 ppJ

chlorino) ●nd of ●ubrite (abundance taken: 200 ppm- Ni; 25 ppm

chlorine).
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